ccmbustor configuration is being developed for aircraft and other
I.O INTRODUCTION
1.1 Future aircraft operatinu in both the subsonic and supersonic regime will be powered by engines operating at higher cycle eff ciencies than current gas turbines.
Increases in cycle efficim_cy of simple aircraft gas turbines require an increase in mean turbine inlet temperatures with disproportionately large incr(}ases in peak turbine inlet temperature and NOx fomation.
To meet these challenges, SOL-3 Resource:_ Inc. proposed an innovative annular combustor _:oncept which is based on a circumferentially mixed vortex flow principle with variable residence time (VRT) for the fuel particles.
The salient features of the combustor are: The three basic combustor concepts currently in wide use are a) the swirler stabilizer design, b) the vaporizing baffled design and c) the slinger design.
The fundamental reason for these concepts is that in a continuous combustion system, the continually injected charge of fuel needs a source of ignition. This is achieved by recirculatin9 the burning hot gases. The recirculation ratio and turbulent flame speed together with combustor inlet pressure and temperature place an upper limit on the through flow velocity in the orimary zone.
VAT CONFIGURATION
With current designs the mean through flow velocity in the primary zone is of the order of 20 feet per second.
The VRT combustor in a straight through configuration is shown in Figure I together The heavier fuel droplets are flung to the outer circumference of the toroidal shaped primary zone and the lighter particles remain at the inner circumference.
The shape of the waist forces the heavy particles to remain in the vortex until they are burnt and replaced by new heavy particles entering.
Opposed air Jets In the waist provide rapid quenching of the fuel rich combustion products leaving the primary zone.
In the secondary zone, air is introduced by means of tangential slots to maintain the swirl and complete the combustion of unburnt gaseous products.
In the dilution zone, air is again introduced by means of tangential slots to tailor the swirl and the radial temperature profile of the combustor exit gases to that acceptable to the turbine.
Conventional

annular
cof_bustors are like a number of can combustors plac,_d side by side with the side walls removed.
Each injection point has its own flame holding devise and the main flow proceeds axially in the x-direction. Mixing of fuel and air and ignition of freshly injected fuel is by secondary vortices in the x-y plane. Propagation of the flame from injector to injector is at the interface of the two "cans". Circumferential mixing, if any, also occurs at this interface.
Acceptable combusLor exit temperature distribution is achieved by s_rict control of the air apertures in the liner and the fuel passages in the injectors.
The mixing process in the primary zone of the VRT combustor is radically different from conventional annular designs.
In the VRT configuration, the main flow Is a spiral in the y-z plane with its axis in the axial direction. The primary zone can be visualized as a series of curved "can" combustors placed end to end to form a circle.
The axis of the fuel spray is in the y-z plane and ignition of freshly injected fuel is by the flame from the preceedin_ injector.
Mixing of fuel and air is by shear layers in the y-z plane enhanced by secondary vortices in the x-y plane ( Figure  3) . The net _ffect is a true circumferentially stirred annLlar combustor. Flow reversal no longer being ne¢essary to ignite the freshly injected fuel, the through flow velocity can be increased substantially.
Advantages of Concept
The proposed concept has the following advantages over current gas tt;rbine designs:
.AerothermodTnamic Advant_._es I. The circumferentially mixe(i vortex flow provides the necessary conditions for a low temperature pattern factor at the exit of the combustor.
A reasonable target for the developed hardware is a pattern factor of 0.15 c(_mpared to a value of 0.25 for the best conventi(mal combustor. 
The
NOx Emissions
The
NOx emissions of greatest concern are those occurring at the supersonic cruise altitude of 65,000 ft. To achieve an EI(NOx) of 5 g/kg, the rich primary zone will have to operate at an equivalence ratio of 1.72 and the lean secondary zone at an equivalence ratio of 0.62. These results together wlth the required air partitioning are given in Table 3 .
Combustor Air Distribution
The 
The alr partitioning calculations also showed that to achieve a transition from an equivalence ratio of 1.72 in the primary zone to 0.62 in the secondary zone would require 57 percent of the total air flow for quenching.
Thls quantity of air was split between the radial jets at the waist (40 percent) and the secondary zone tangential apertures (17 percent).
The remaining 12 percent of the available air was all,}cated to the dilution zone.
The detailed physical air distribution is shown in Table 3 .
Liner Wall Apertures
Next, the zone open arenas were calculated and converted into physical oper_Ings. A number of iterations was needed to obta n an optimum aperture shape, size and spacing. The final VRT combustor configuration for manufactur(_ in plastic is shown in Figure 5 .
Gas Temperatures
For these calculations the combustor was divided into three zones.
Th(_ rich primary zone is where the fuel and air are intimately mixed and the fuel vaporized.
The Table 5 .
Air Flow Vector Analysis
One of the unique features of the VRT combustor is the circumferential vortex. A preliminary analysis of the expected velocity and swirl angles was performed using the principles of conservation of angular momentum and continuity in the axial direction.
The effects of frictional and mixing losses were neglected in these calculations. : 1.8 x I0S) .
Except for the higher flow speed, the flowpaths at the two flow rates were virtually identical.
The model was instrumented with ten 0.040 inch O.D. tubes feeding the apertures shown in Figure 6 . Eight fuel nozzles were inserted into the fuel nozzle holders in the header and retained with silicone rubber adhesive.
One of the fuel nozzles was instrumented with 0.125 inch O.D. tube to allow feeding air or dye to the main fuel passage.
Test Observations
The tests consisted of allowing time for the water flow to stabilize and then introducing air bubbles at each of the injection points In turn. Written and video records were made at three series of tests.
The observations were as follows: Four reaction rates are computed at each node point in the flow field; the kinetic reaction rate, and three mixing controlled rates based on the laminar cr turbulent diffusion of the three chemical species respectively. The local reaction is then allo_ed to proceed at the lowest of these four rates.
The liquid spray is modeled using a Lagrangian trajectory technique for groups of droplets based on the computed continuous _as flow field. Effect of turbulence on the trajectories of the droplets is simulated using a stochastic tracking technique which takes into account the local turbulence characteristics as the droplet traverses the flow field.
The calculations of the liquid spray and continuous phase are fully coupled so that evaporation and combustion of liquid fuel droplets can be modeled in a realistic manner.
A partial equilibrium Zeldovich mechanism is used in the NOx calculation.
The NOx reaction sequence is solved under the assumption that it has no impact on the predicted flowfield or tem[erature field in the combustor.
The NOx reaction sequen(e is solved decoupled from the flowfield and temrerature field in the combustor.
It is also asstmed that the reaction rates are infinitely fast so that the species concentrations may be ottalned via chemical equilibrium.
The "CREK" (Ref.5) program is used to solve the conservation equations for the species involved in the NOx production.
The equilibrium assumption reduces the number of kinetic equations to be solved and was used in several premixed combustion systems.
However, this assumption may not be quite valid in all regions of a gas turbine combustor.
Results
The results include velocity vectors, temperature isotherms, species_ and emission concentrations.
The analysis covers one of the derivatives of the Lycoming combustors and SOL-3 VRT combustor.
The cruise condition given in Table  2 was used in the calculations and JP4 fuel was used as a fuel type in the spray calculation. As the droplet evaporates, it enters the gas as a chemical species "f" and reacts with oxygen present in the gas.
This process creates interphase coupling of heat, mass, and momentum transfer between the gas and liquid phases.°. Figure 10 shows a plot cf predicted velocity vectors in an axial plane in line with'the injector centerline.
As can be seer the fuel injector/ swirler that has a swirl number of 0.8 produces a large on-axis recirculation 2one that sweeps back burnt gas products to ignite the incoming reactants. Figure 11 shows the cor_tours of temperature and fuel concentration in l_ne with the injector centerline.
Maximum gas temperatures occurs toward the end of the primary zone. the NOx is mainly generated in the secondary zone where most of the reaction occurs and produces the maximum temperature.
6.0
DISCUSSION OF RESULTS
Water Analogue Tests
The water analogue tests clearly demonstrated the predicted flow within the combustor model. In the primary zone, the flow did one complete circumferential circuit. This is equivalent to a swirl angle of about 87 degrees. The preliminary vector analysis carried out in the design phase, predicted an angle of 89 degrees.
The flow did one further circumferential circuit in the secondary and dilution zones before exiting the c_bustor. This is equivalent to a swirl angle of 85 degrees. The prediction was 80 degrees in the secondary zone and 73 degrees in the dilution zone.
The close correlation of the swirl angles also means that the velocity vectors have to correlate by geometric similarity.
In the primary zone, there appeared to be a weak secondary swirl superimposed on the circumferential swirl. The first combustor design required an airblast mass flow of 6 percent. However because of hardware availability, the mass flow was reduced to 2.8 percent.
The rate of diffusion of the red dye indicated an inadequacy in the fuel nozzle airblast mass and swirl number. The higher airblast mass flow would have been a superior choice.
In the secondary zone, the radial quench jets set up two strong secondary swirls superimposed on the circumferential swirl. One rotating counterclockwise in the upper half of the secondary zone and the other rotating clockwise in the lower half.
These secondary swirls had been observed in the can version of the VRT combustor and were the basis of the predicted quick quench.
The secondary zone dld demonstrate the vigorous mixing required to go from the rlch burn In the primary zone to the lean burn in the secondary zone.
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Velocity Fteld
The velocity vectors predicted by the 3-0 computer model can be compared to the flow observed in the water analogue tests.
The typical example given in Figure 8 shows in sor_e areas exceptionally good correlation.
The predicted primary zone flow in the circumferential direction is identical to that observed.
The computer model even shows the inferred weak secondary swirl
In the secondary zone, the two models are not quite identical.
The compu'.er model shows the circumferential pattern near ':he walls and the two secondary swirls. However ._t the center of the secondary zone, the predicted velocity vectors are now axial which is in disagreement with the water analogue flow. It would ai)pear also that the degree of penetration of the radial quench jets is higher in the water analogue than predicted by the computer.
In the dilution zone, the two models are radically different.
The com)uter model shows the flow to be predominantly axiil.
Whereas the flow in the water analogue is predominantly circumferential.
In the vater analogue, the circumferential flow path continues into the transition section and can _ven be seen in the collector.
The artificial high numerical diffusion in the "FLUENT" program could well be the cause of the axial/circumferential flo_ pattern discrepancy between the calculated and observed flows.
Thermal and Reacting Flo_s
The thermal results presented in this report were arrived at after some modifications to the input boundary conditions to best depict the flow fields.
In the case of the conventional combustor, the swirler flow field in the primary zone was adjusted until the desired recirculation was obtained.
For the VRT configuration, the airblast mass flow rate was increased from two to four percent and the inner quench jets moved axially downstream by 0.I inch.
These Jets will have to be moved further downstream In future work to meet the intent of the design. In spite of this discrepancy, the pattern factor for the VRT combustor is predicted to be 0.131 compared to 0.271 for the conventional ccnfiguration. Figure 14 shows the temperature contours at the exit planes.
In the ccnventional combustor, the isotherms are randomly located with a fairly flat radial profile pe_king at 20 percent turbine blade height.
In the VFT configuration, the isotherms are more organize¢! with a steep radial profile peaking at 70 percent turbine blade height. Both conventional and VRT combustor exit temperatures would be amenable to developmental adjustments, with the VRT being the more manageable of the two due to Its more regular isotherm pattern.
NOx Emissions
For conventional combustor configurations, both experimental and analytical data are available for comparison.
The data used must be adjusted for the actual pressure, inlet temperature and residence tlme of our combustor. The predicted emission shown
In Figure 4 was The empirical and analytical predictions correlate very well, but the Lycomln9 analysis is high by a factor of 3.5. Figure  16 shows the axial distribution of sector average NOx concentration for the conventional and VRT combustors.
The maximum average NOx concentration in the VRT combustor Is nearly half that of the conventional configuration and occurs in the secondary zone.
The
NOx predictions provided by the "CREK" model (Ref 8) lack credibility when applied to the state of the art conventional combustor and the VRT configuration.
Possible reasons for the discrepancy could be:
The simple three equation reaction mechanism.
(The analytical model of Nguyen et al uses 102 reactions.)
2.
The assumption that the reactions are infinitely fast so that chemical equilibrium is achieved at each node.
3. The decoupling of the NOx chemistry from the hydrodynamics.
CONCLUSIONS
* The feasibility of a combustor based on the VRT principle was demonstrated by both the water analogue tests and the 3-D computer model. The flow pattern within the combustor was virtually as predicted.
* The VRT configuration showed the feasibility of reducing by half the number of required fuel nozzles when compared to a conventional design.
The thermal performance analysis conducted by the 3-D computer model on the VRT configuration predicted a 50 percent reduction in pattern factor when compared to a state of the art conventional combustor. 
